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(57) ABSTRACT 

A reflective liquid crystal display device combined with an 
optical system with a wire grid is provided for light modula 
tion by a liquid crystal layer. This layer, made of nematic 
liquid crystal having negative dielectric anisotropy, is formed 
Such that first and second orientation directions on first and 
second substrates are rotated by “60+C and “60+f3 degrees 
in first and second rotating directions starting from a refer 
ence direction, respectively. The first and second rotating 
directions are mutually opposite, the reference direction is 
parallel to the first and second substrates and within in an 
angular range defined by a central angle plus +5 degrees 
wherein the central angle is ta-5 degrees from an oscillation 
direction of incident polarized light, and a relationship of 
|C.|--|BIs 10 (C. and B are Zero or positive integers) is fulfilled. 

3 LLUMINATING 
LIGHT 

REFLECTED 
MODULATEDLIGHT 
(S-POLARIZEDLIGHT) 

REFLECTED 
MODULATEDLIGHT 

11 
14 FIF 

13 1 
15 

REFLECTEDLIGHT 
(S-POLARIZEDLIGHT) 
2 

INCIDENT POLARIZEDLIGHT 
(P-POLARIZEDLIGHT) 

OSCELLATION DRECTION 
OF P-POLARIZEDLIGHT 

12 

  



Patent Application Publication Oct. 15, 2009 Sheet 1 of 21 US 2009/0256976 A1 

FIG. 1 
3 LUMINATING 

LIGHT 

REFLECTED NY 
MODULATEDLIGHT 
(S-POLARIZEDLIGHT) REFLECTEDLIGHT 

(S-POLARIZEDLIGHT) 
2 REFLECTED 

MODULATEDLIGHT 

INCIDENT POLARIZEDLIGHT 
(P-POLARIZEDLIGHT) 

OSCILLATION DIRECTION 
OF P-POLARIZEDLIGHT 

1 
14 

15 
12 

FIG. 2 
WAVELENGTH OF LLUMINATING LIGHT 
PRE-TILTANGLE epOFLCMOLECULES 
CEL THICKNESS d 

OSCILLATION DIRECTION OF INCIDENT 
POLARIZEDLIGHT (P-POLARIZED) 

INCIDENCE-SIDE 
REFERENCE LINE 

PXE-SIDE 
ORIENTATION 

    

    

  

  

  

  

  

  



Patent Application Publication Oct. 15, 2009 Sheet 2 of 21 US 2009/0256976 A1 

0.1 - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Wo 

0.01 - - - - - - - - - - - - - - - - - - - - - - - . . . . ; o -0-Twist=Odeg 
o Twist=30deg 

5 --O--Twist=60deg 
al OOO1 ".................. a?: -a-Twist-90deg 
O - --Twist-10Odeg 
O -e-Twist:110deg 

Ca alo-Twist:120deg 

O.OOO1 ... . . . . . . . . . . . . . 1. . . . m - - - - - - Twist-130deg 

- +- Twists 150deg 

OOOOO1 - - - - - - - - - - - - \g.........i.------------------------------------------------------------------------------ 

OOOOOO1 alia k -- 

O 1 2 3 A. s 

APPLIED VOLTAGE IV) 

1OOOO 

90OO 8 

8000 H - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -a-...--...................... -- - - - - - - - - 
S. 0m Twist=Odeg 

7000 --------------------------------........ - - -o- - Twist=30deg - - - - - - - - - 
o --O-- Twist=60cieg 
P 6000 - - - - - - - - - - -a - - Twist-90deg 
- aOla wist: 2. 5OOO Twist=120deg 
S - - - - Twist-150deg 

CD 

3OOO .... ...A.'... . 
ce 
e 

2OOO 

1000 ------e.g.: SN ...................................... -- : 

O s 10 5 2O 25 30 35 

CONE ANGLE (DEG) 

  



Patent Application Publication Oct. 15, 2009 Sheet 3 of 21 US 2009/0256976 A1 

FIG. 5 

-0-Cell Gap 2.6 um M. 
O.OOO2 r -G--Cell Gap=2.8 um y 

rare Cell Gap= 3.0 um M 
t -o-Cell Gap=3.2 um 

v. | - x - Cell Gap=34 um /* 
y -e-Cell Gap=3.6 um "/7/"p" 
\v ----Cell Gaps 3.8 um i ?/. 
',\ cell Gap-40 um //// 

W. W. 

90 1 OO 11 O o 130 140 150 16O 

TWIST ANGLE (DEG) 

FIG. 6 
0.0004 rare--...----------...-a.m.-...----...--- 

0.0002 

O 100 10 120 130 140 150 1SO 

TWIST ANGLE (DEG) 

  



Patent Application Publication Oct. 15, 2009 Sheet 4 of 21 US 2009/0256976 A1 

FIG. 7 
O.OOO5 or wear. errors. 

OOOO45 -------------....... x-Pretit=86 degree - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - a -a - - - r 

\ i --a--Pretit=85 degree 
aus Y --x-Pretit=84 degree 
u 0.0004. . . . . . . . . . . . . . . . . . . . . . . i-O-Pretit=82 degree I 

s i-o-Pretit=80 degree 
0.00035 . . . . . . . . . .- - - - - - - - - - - - - - - - ---- Pretit=78 degree 

Af ---. Pretit=76 degree 
0.0003 - - - - - - - - - - - - - - -o-Pretit=75 degree O ---------as-a-we---------------arra-a-a------ 

E 0.00025 - - - - - - - - - - - - - - - - - -W- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 

CD 
0.0002 - - - - - - - - - - - - - - - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

5 
0.00015 - - - - - - - - - - - - - -- . . . . . . . 

H. 
O d 

O 0.0001 - - - - - - - - - - - - - - - - Y - - - - - - V - - - - - - - - - - - - - - - - - - - - - - 

0.00005 - - - - - - - - - - - - - - - - -YNNWW. . . . .-- 

0 - - X Sess 
90 1 OO 120 130 15 60 

TWIST ANGLE (DEG) 

FIG. 8 

m 
s 
o 
CAO 

t 
CD m0m Twist in OO 

. . . . Twist = 110 
o 75 ..................................................... -o-Twist = 120 

H - - - - - Twist = 30 

35 0.7 ro --- Twist 150. 
0.65 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

O 
C 
- 0.6 - - - - - - - - - - - - - - - - - - - - - - - - - - . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . --- - - - - - - - - - 
D 

55 ro 
re- res mm. i 

76 78 8O 82 84 86 88 90 

TWIST ANGLE (DEG) 

  

  



Patent Application Publication Oct. 15, 2009 Sheet 5 of 21 US 2009/0256976 A1 

  



Patent Application Publication Oct. 15, 2009 Sheet 6 of 21 US 2009/0256976 A1 

FIG 10 
An=0.132 

OOOO2 

ava-Ce Gap.4m 
- - -x - - - Cell GapF.6um 
-- Cell Gap,8um 
- 0- - Cell Gap 2.Ourn 
-H Cell Gap 2.2um 

Cell Gap 2.4 um 
Cell GapF2,6um 

90 OO 10 12O 130 140 150 160 

TWIST ANGLE (DEG) 

FIG 11 

--Cet Gap 14 um 
- - - - - - Cell Gap.6turn 

OOOO2 -A-Cet Gap 18turn 
- - x -- Ce Gap 2.Oum 
-k- Ce GapF2.2um 
- B - Ce Gap-24um 

OOOO15 to-Ce Gap 2.6 um 

OOOOO5 

90 1OO O 120 13O 40 150 160 

TWIST ANGLE (DEG) 

  



Patent Application Publication Oct. 15, 2009 Sheet 7 of 21 US 2009/0256976 A1 

FIG. 12A FIG. 12B 
OSCELLATION DIRECTION 
OF INCIDENT POLARIZED 
LIGHT (P-POLARIZED) 

OSCILLATION DIRECTION 
OF INCIDENT POLARIZED 

(P-POLARIZED) 

INCIDENCE-SIDE 
ORIENTATION 

PXEL-SIDE 
ORIENTATION 

INCIDENCESIDE 
ORIENTATION 

PXEL-SIDE 
ORIENTATION 

FIG. 12C FIG. 12D 
OSCILLATION DIRECTION 
OFINCIDENT POLARIZED 
LIGHT (P-POLARIZED) 

OSCILLATION DIRECTION 
OF INCIDENT POLARIZED 
LIGHT (P-POLARIZED) 

INCIDENCE-SIDE 
ORIENTATION 

PXELSIDE 
ORIENTATION 

PXEL-SIDE NCIDENCE-SIDE ORIENTAON / 
ORIENTATION 

  

    

  

  

  

  

  

  

  

  

  

    

    

    

  

    

  



Patent Application Publication Oct. 15, 2009 Sheet 8 of 21 US 2009/0256976 A1 

OSCILLATION DIRECTION OSCILLATION DIRECTION 
OF INCIDENT POLARIZED OF INCIDENT POLARIZED 
LIGHT (P-POLARIZED) LIGHT (P-POLARIZED) 

PIXELSIDE RENTON 

FIG. 13C 

INCIDENCE-SIDE 
ORIENTATION 

FIG. 14 

INCIDENCE-SIDE 
ORIENTATION 

OSCILLATION DIRECTION 
OF INCIDENT POLARIZED 
LIGHT (P-POLARIZED) 

YPXESIDE ORIENTATION 

NCIDENCE-SIDE 
ORIENTATION 

PXESIDE 
ORIENTATION 

FIG. 13D 
OSCILLATION DIRECTION 
OF INCIDENT POLARIZED 
LIGHT (P-POLARIZED) 
PXEL-SIDE 

ORIENTATION 

INCIDENCE-SIDE 
ORIENTATION 

121 (122) 

  

  

  

  

  

  

    

  

  

  

  

  

  

  

  

  

  

  

  

    

  

  



Patent Application Publication Oct. 15, 2009 Sheet 9 of 21 US 2009/0256976 A1 

so 2 o 

sit 

83 co 
anime - - r 

CN -- - 

- NZ / N co 
CO r 
CN 

O cy r 
N N 

their H. yo 

CO 
O 

N rain 

w 32 CDS 
S. 

SN 

r2 & 

s 

  



Patent Application Publication Oct. 15, 2009 Sheet 10 of 21 US 2009/0256976 A1 

  

    

  



Patent Application Publication Oct. 15, 2009 Sheet 11 of 21 US 2009/0256976 A1 

FIG. 18 
fiO Aff 

  



Patent Application Publication Oct. 15, 2009 Sheet 12 of 21 US 2009/0256976 A1 

FIG. 2O 
  



Patent Application Publication Oct. 15, 2009 Sheet 13 of 21 US 2009/0256976 A1 

  



Patent Application Publication Oct. 15, 2009 Sheet 14 of 21 US 2009/0256976 A1 
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REFLECTIVE LIQUID CRYSTAL DISPLAY 
DEVICE AND PROJECTION DISPLAY 
APPARATUS USING THE SAME 

CROSS REFERENCES TO RELATED 
APPLICATIONS 

0001. The present application relates to and incorporates 
by reference Japanese Patent applications No. 2005-226586 
filed on Aug. 4, 2005 and No. 2006-001958 filed on Jan. 10, 
2006. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to a reflective liquid 
crystal display device incorporated in image display appara 
tuses and a projection display apparatus using the reflective 
liquid crystal display device, and is in particular, to the device 
and apparatus which are able to display high-contrast images. 
0004 2. Description of the Related Art 
0005. In recent years, projection display apparatuses with 
liquid crystal display devices have been grown into popular 
tools that can be used as large-sized screen display appara 
tuses. Such display apparatuses, which can be used for Vari 
ous things, such as meetings with screen presentation, home 
theaters, and other uses, have been developed on various 
types of display devices. One type of Such display appara 
tuses is a display apparatus with a reflective liquid crystal 
display device incorporated therein. 
0006. This reflective liquid crystal display device has two 
Substrates and a liquid crystal layer, where one Substrate has 
a surface with a transparent electrode formed thereon and the 
other substrate has a surface on which reflective electrodes 
and drive circuits for respective pixels are arranged in a 
matrix and both Surfaces of the two Substrates are opposed in 
parallel to each other to sandwich the liquid crystal therebe 
tween as a layer. In this display device, the drive circuits for 
the liquid crystal can be embedded beneath the display pixels, 
so that the display pixels allow the projection display appa 
ratus to present images with high spatial resolution and high 
brightness. 
0007. The liquid crystal display device utilizes the double 
refraction of the liquid crystal molecules to control the trans 
mission of light passing therethrough. This means that the 
way the liquid crystal molecules are oriented has a large 
influence on the display quality of the images. Taking this fact 
into account, a variety of types of orientation ways for liquid 
crystal, which are on different operation modes, have also 
been studied and proposed for the reflective liquid crystal 
display device. One proposal is provided by “Shin-Tson Wu 
and Deng-Ke Yang, “Reflective Liquid Crystal Displays.” 
JOHN WILEY & SONS, Ltd, published Jan. 1, 2001. This 
reference provides each orientation technique (i.e., relation 
ship among an oscillation direction of incident polarized 
light, incident-side liquid crystal orientation and pixel-side 
liquid crystal orientation) based on HFE (Hybrid Field Effect) 
mode, MTN (Mixed Twisted Nematic) mode, SCTN (Self 
Compensated Twisted Nematic) mode and ECB (Electrically 
Controlled Birefringence) mode (refer to FIGS. 31A-31D of 
this application). In addition, Japanese Patent No. 2616014 
and United State Patent Publication No. 2004/016.5128 also 
provide other orientation techniques, which are shown in 
FIGS. 31E and 31F, respectively. 
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0008. In the case of the orientation techniques on the 
above operation modes, a vertically aligned type of liquid 
crystal (on homeotropic aligned mode) provides high contrast 
and operates faster in the response speed than a horizontally 
aligned type of liquid crystal (on homogeneous aligned 
mode). Because of these features, this liquid crystal has 
attracted attention. In the horizontally aligned type of liquid 
crystal, the liquid crystal molecules are aligned Substantially 
horizontally to the substrate surface when no voltage is 
applied between the substrates, whilst when a voltage is 
applied, the liquid crystal molecules align vertically to the 
Substrate Surface in response to its dielectric anisotropy. 
These alignments of the liquid crystal molecules produce 
black and white representations. However, though the liquid 
crystal molecules are ordered to be aligned vertically, some 
molecules positioned close to an orientation membrane 
formed on each Substrate are held at angles which are near to 
the horizontal angle. This causes differences in phase of the 
molecules, thus deteriorating the level of black (e.g., deterio 
rating contrast in the black and while levels). 
0009. In contrast, the vertically aligned type of liquid crys 

tal has a negative dielectric anisotropy, so that the liquid 
crystal molecules are aligned to a direction perpendicular to 
the substrate surface when no voltage is applied between the 
Substrates. And, in response to an application of Voltage, the 
molecules are made to be aligned horizontally along the Sub 
strate Surface, providing high contrast and operating at a 
faster speed, with still less power consumption. 
0010. However, the vertically aligned type of liquid crys 

tal still has some difficulties, which include disclination, for 
instance. To be specific, unless the liquid crystal molecules 
are respectively given a slight tilt (pre-tilt angle) in a certain 
direction in a state where there is no voltage application, 
respective molecules are flipped toward different directions, 
which is called disclination, thus causing a deterioration in 
image quality. As shown in FIG. 32, for example, the pre-tilt 
angle is given as an angle Op made between a long-axis 
direction of a liquid crystal molecule and the Substrate Surface 
in a state where no voltage is applied (meanwhile, the pre-tilt 
angle may be given as an angle Op' (=90 degrees-0p), which 
advances from the normal line to the Substrate Surface, as 
illustrated in FIG. 32.) 
0011. In FIG. 32, there is shown an azimuthal angle C. 
made between an azimuth produced by projecting the long 
axis to the Substrate surface and a predetermined axis on the 
substrate. A difference between the azimuth angles on both 
the upper and lower Substrates (on the light incidence side and 
the pixel side) corresponds to a twist angle. For example, 
United State Patent Publication No. 2004/016.5128 shows an 
orientation for liquid crystal, in which a pre-tilt angle Op is 
75-88 degrees (in this reference, since the pre-tilt angle is 
given as an angle which advances from the normal line to the 
Substrate, the pre-tilt angle is denoted as 2-15 degrees) and a 
twist angle p is 90 degrees, as shown in FIG. 31F. 
0012. By the way, in using the reflective liquid crystal 
display device, giving the pre-tilt angle 0p results in lowering 
the contrast of images to be displayed. That is, for realizing 
higher contrast, it is desired that the Vertically aligned type of 
liquid crystal be used. In this liquid crystal, a pre-tilt angle 0p 
is given to the molecules to prevent the disclination, but Such 
a previous tilt-angle setting will cause shifts in phases of the 
molecules, which will invite deterioration in contrast of 
images. 
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0013. One normal countermeasure against the above dif 
ficulty is to employ a phase compensator to compensate the 
phase shifts for accomplishing high contrast. This counter 
measure is true of a structure where a polarizing beam splitter 
of either MacNeille type or wire grid type is used as a polar 
izing device. For the phase compensation, it is required for the 
phase compensator to have an A-component (a phase differ 
ence) having refractive anisotropy along the Surface thereof. 
0014. On the other hand, in manufacturing the reflective 
liquid crystal display device, there arise irregularities (errors) 
in both the thickness of a liquid crystal layer and pre-tilt 
angles to be given, device by device, no matter what the 
precision for manufacturing is made higher. That is, Such 
irregularities are inevitable. Therefore, an A-component (i.e., 
a phase difference caused due to differences in pre-tilt angles 
and thicknesses of liquid crystal layers) to be compensated 
varies depending on each device, so that it is almost impos 
sible to use a phase compensator of which refractive anisot 
ropy is set to an ideal value. 
0015. In addition, the liquid crystal has a refraction index 
depending on a wavelength dispersion characteristic and the 
refraction index itself has anisotropy also depending on the 
wavelength dispersion characteristic. Thus, for example, the 
shorter the wavelength the larger the anisotropy of the refrac 
tion index. Accordingly, it is necessarily required for the 
wavelength plate to have the capability of compensating the 
phase shifts at a degree which is decided by taking the wave 
length dispersion characteristics into account. Necessarily, 
this way will lead to a narrower selection of materials for the 
phase compensator. This is another disadvantage. 

SUMMARY OF THE INVENTION 

0016. The present invention has been made in consider 
ation of the foregoing difficulties, and an object of the present 
invention is to provide a reflective liquid crystal display 
device and a projection display apparatus using the same, 
which, through the display device employs a vertically 
aligned type of liquid crystal and a beam splitter serving as a 
polarizing light system but is provided with no phase com 
pensator for compensating in phase the A-component, are 
able to contribute to the display of high-contrast images, by 
providing the orientation conditions of liquid crystal at a 
predetermined range. 
0017. In order to realize the above object, as one aspect, 
the present invention provides a reflective liquid crystal dis 
play device comprising: a first Substrate receiving polarized 
light and having a surface on which a transparent electrode is 
formed, a second Substrate being disposed in parallel to the 
second substrate with a space left between the first and second 
electrodes, having thereon a matrix formation composed of 
both reflective electrodes and drive circuits for respective 
pixels, and reflecting the polarized light coming through the 
first Substrate; and a liquid crystal layer composed of nematic 
liquid crystal having negative dielectric anisotropy and held 
between the first and second substrates for modulating the 
polarized light coming through the first Substrate. A first 
liquid crystal orientation direction on the first substrate is set 
to an angle rotated by “60+C. degrees in a first rotating 
direction starting from a reference direction, and a second 
liquid crystal orientation direction on the second Substrate is 
set to an angle rotated by '60tf3 degrees in a second rotating 
direction starting from the reference direction. The first and 
second rotating directions mutually oppositely rotate from 
the reference direction. The reference direction is parallel to 
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the first and second Substrates and is within an angular range 
defined as a central angle plus its degrees, wherein the central 
angle is ta-5 degrees from an oscillation direction of the 
polarized light entering each Substrate and a relationship of 
|C.|--|BIs 10 (variables C. and B are Zero or positive integers) is 
fulfilled. 
0018. As another aspect, the present invention provides a 
projection display apparatus comprises a light source radiat 
ing light; an illuminating optical system receiving the light 
radiated by the light source: a polarizing beam splitter polar 
izing the radiated light through the optical system to produce 
polarized light and separating modulated light and non 
modulated light; a reflective liquid crystal display device 
receiving the polarized light to modulate the received polar 
ized light in response to image signals so that the modulated 
light is produced and returning the modulated light to the 
polarizing beam splitter; and a projection lens receiving the 
modulated light separated by the polarizing beam splitter to 
project the modulated light to a display plane on which an 
image is displayed. The reflective liquid crystal display 
device is configured to have the same structure as one 
described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0019. In the accompanying drawings: 
0020 FIG. 1 is a schematic diagram showing an optical 
system composing a processor for a single color, the optical 
system being incorporated in a projection display apparatus 
employing a reflective liquid crystal display device according 
to a first embodiment of the present invention; 
0021 FIG. 2 shows the angular relationship between the 
oscillation direction of incident polarized light and both 
pixel-side liquid-crystal orientation direction and incidence 
side liquid-crystal orientation direction; 
0022 FIG. 3 is a graph showing an applied voltage vs. 
output (amount of light) characteristic of the reflective liquid 
crystal display device under the condition that the wavelength 
of illuminating lights the pre-tilt angle of liquid crystal mol 
ecules and a cell thickness are fixedly set and the twist angle 
of the liquid crystal molecules is assigned to a parameter to be 
changed; 
0023 FIG. 4 is a graph showing the relationship between 
a cone angle of incident light and an average contrastratio in 
the reflective liquid crystal display device under the condition 
that the wavelength of illuminating light, the pre-tilt angle of 
liquid crystal molecules, and a cell thickness are fixedly set 
and the pre-tilt angle of the liquid crystal molecules is 
assigned to a parameter to be changed; 
0024 FIG. 5 is a graph showing the relationship between 
a twistangle of liquid crystal molecules and a contrastratio in 
the reflective liquid crystal display device under the condition 
that the wavelength of illuminating light and the pre-tilt angle 
of liquid crystal molecules are fixedly set and a cell thickness 
is assigned to a parameter to be changed; 
0025 FIG. 6 is a graph showing the relationship between 
a twist angle of liquid crystal molecules and a black level in 
the reflective liquid crystal display device under the condition 
that the pre-tilt angle of liquid crystal molecules and a cell 
thickness are fixedly set and illuminating light is changed to 
red, green and blue, respectively; 
0026 FIG. 7 is a graph showing the relationship between 
a twist angle and a black level in the reflective liquid crystal 
display device under the condition that the wavelength of 
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illuminating light and a cell thickness are fixedly set and a 
pre-tilt angle is assigned to a parameter to be changed; 
0027 FIG. 8 is a graph showing the relationship between 
a pre-tilt angle and a white level in the reflective liquid crystal 
display device under the condition that the wavelength of 
illuminating light and a cell thickness are fixedly set and a 
twist angle is assigned to a parameter to be changed; 
0028 FIG.9 is an enlarged picture showing a sate where a 
disclination is caused due to a Voltage difference between 
mutually adjacent pixels on an active matrix Substrate in the 
case of a pre-tilt angle of 86 degrees or more; 
0029 FIG. 10 is a graph showing the relationship between 
a twistangle and a contrastratio of liquid crystal molecules of 
the reflective liquid crystal display device under the condition 
that the wavelength of illuminating light and the pre-tilt angle 
of the molecules are fixedly set, the double refraction index is 
set to 0.132, and the cell thickness is assigned to a parameter 
to be changed; 
0030 FIG. 11 is a graph showing the relationship between 
a twistangle and a contrastratio of liquid crystal molecules of 
the reflective liquid crystal display device under the condition 
that the wavelength of illuminating light and the pre-tilt angle 
of the molecules are fixedly set, the double refraction index is 
set to 0.155, and the cell thickness is assigned to a parameter 
to be changed; 
0031 FIG. 12A is an ideal orientation condition for liquid 
crystal on the basis of experiments; 
0032 FIGS. 12B to 12D are orientation conditions equiva 
lent to that shown in FIG. 12A; 
0033 FIGS. 13 A to 13D are orientation conditions for 
liquid crystal, which are equivalent to FIGS. 12A to 12D, 
respectively; 
0034 FIG. 14 illustrates how to collimate an aperture for 
light in a reflective liquid crystal display device according to 
a second embodiment of the present invention; 
0035 FIG. 15 is a diagram outlining the optical configu 
ration of a projection display apparatus according to the sec 
ond embodiment; 
0036 FIG. 16 is a pictorial illustration showing a simpli 
fied optical system for a single-color channel of the projection 
display apparatus shown in FIG. 15: 
0037 FIG. 17 is an illustration for a viewing angle char 
acteristic; 
0038 FIG. 18 is an illustration of light source images on a 

fly's eye integrator, the illustration corresponding to the aper 
ture of a conventional aperture member, 
0039 FIG. 19 is an illustration showing the limiting char 
acteristic of an aperture member based on a light Source 
image on a fly's eye integrator used by the projection display 
apparatus according to the second embodiment; 
0040 FIG. 20 is an illustration showing the limiting char 
acteristic of another aperture member based on the light 
Source image on the fly's eye integrator, 
0041 FIG. 21 is an illustration showing the limiting char 
acteristic of another aperture member based on the light 
Source image on the fly's eye integrator, 
0042 FIG.22 is an illustration showing the limiting char 
acteristic of another aperture member based on the light 
Source image on the fly's eye integrator, 
0043 FIG. 23 is a schematic diagram showing an optical 
system composing a processor for a single color, the optical 
system being incorporated in a projection display apparatus 
and employing a reflective liquid crystal display device 
according to a third embodiment of the present invention; 
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0044 FIG. 24 is a graph showing the relationship between 
a phase difference of a phase compensator and an amount of 
light to be leaked in the black state in the projection display 
apparatus according to the third embodiment, in which the 
pre-tilt angle of molecules of the liquid crystal layer and the 
cell thickness thereofare fixedly set and the twistangle of the 
liquid crystal layer is assigned to a parameter to be changed; 
0045 FIG.25 is a graph showing measurements according 
to samples of a phase compensator and simulation results, 
wherein an axis of abscissae is assigned to incident angles of 
polarized light entering the phase compensator while an axis 
of ordinate is assigned to differences from a phase difference 
obtained in an incident angle of 0 degree, wherein refraction 
indices are set to nx=ny=1.5225 and nz 1.51586, and the 
phase difference is assigned to a parameter to be changed; 
0046 FIG. 26 is a graph showing the relationship between 
phase differences of a phase compensator and light leakage, 
wherein the double refraction index of a reflective liquid 
crystal display device is set to a specific value and the cell 
thickness thereof is assigned to a parameter to be changed; 
0047 FIGS. 27 and 28 are graphs each showing the rela 
tionship between phase differences of the phase compensator 
and light leakage, wherein the double refraction index of a 
reflective liquid crystal display device is set to another spe 
cific value and the cell thickness thereof is assigned to a 
parameter to be changed; 
0048 FIG. 29 is a graph showing the relationship between 
phase differences (retardances) Rth of the phase compensator 
providing a minimum in each of the curves shown in FIGS. 
26-28 and retardations “And of the liquid crystal layer, the 
relationship being obtained from the curves shown in FIGS. 
26-28; 
0049 FIG. 30 is a schematic diagram outlining the optical 
configuration of a projection display apparatus according to a 
fourth embodiment of the present invention; 
0050 FIGS.31A to 31 Dare illustrations each showing the 
operation mode of liquid crystal and an orientation method 
therefore, which are known conventionally: 
0051 FIGS.31E and 31F are illustrations each showing an 
orientation method for liquid crystal, which are known con 
ventionally; and 
0.052 FIG. 32 illustrates the pre-tilt angle 0p and azi 
muthal angle C. of liquid crystal molecules. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0053. In connection with FIGS. 1-30, various embodi 
ments of both a reflective liquid crystal display device and a 
projection display apparatus according to the present inven 
tion will now be described. 

First Embodiment 

0054 Referring to FIGS. 1-13, a first embodiment will 
now be described. 
0055 FIG. 1 shows a reflective type of optical system that 
serves as a processor for a single color, the processor com 
posing part of a projection display apparatus (not shown in 
FIG. 1) which employs a reflective liquid crystal display 
device according to the present invention. As shown in FIG.1. 
the single-color processor is provided with a reflective liquid 
crystal display device 1, a WG-PBS (wire grid type of polar 
izing beam splitter) 2, and a polarization plate 3 serving as an 
analyzer. 
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0056. The WG-PBS 2 receives illuminating light that has 
come thereto. The illuminating light that has made incidence 
to the WG-PBS 2 is separated into P-polarized light which 
becomes incident light to the reflective liquid crystal display 
device 1 and S-polarized light which is reflected light. The 
P-polarized light, which has transmitted the splitter 2, enters 
the reflective light crystal display device 1. This device 1 
modulates the incident P-polarized light in accordance with 
image signals, whereby the modulated light is reflected by the 
device 1 to return to the WG-PBS 2 as modulated reflection 
light. The WG-PBS 2 operates to reflect only the modulated 
S-polarized light, but causes the P-polarized light to be trans 
mitted therethrough so that the P-polarized light becomes 
return light tracing back the path along which the illuminating 
light passed. In contrast, the modulated S-polarized light, 
which has been reflected by the WG-PBS 2, passes the polar 
ization plate 3 to entera color synthesizing prism (not shown), 
at which the modulated S-polarized light is synthesized with 
other modulated S-polarized light in conformity with the 
other two colors. The synthesized light then enters a projec 
tion lens (not shown) for displaying projected color images on 
a SCC. 

0057 The reflective liquid crystal display device 1 will 
now be detailed. This device 1 is provided with a transparent 
substrate 11 which is a transparent electrode and an active 
matrix substrate 12 on which both reflective electrodes and 
drive circuits are mapped in a matrix for respective pixels. 
Both the substrates 11 and 12 are specially arranged to be 
opposed to each other. The reflective liquid crystal display 
device 1 is also provided with a liquid crystal layer (fluid) 13 
held in a space sandwiched by both the substrates 11 and 12. 
and orientation membranes 14 and 15 to provide the liquid 
crystal with predetermined orientation conditions. The orien 
tation membranes 14 and 15 are made from SiOx compound 
and are formed on surfaces of both the transparent substrate 
11 and the active matrix substrate 12, which are exposed to 
the liquid crystal layer (fluid) 13, by the use of a surface 
processing technique on vapor deposition. 
0058. The liquid crystal layer (fluid) 13 is composed of 
nematic liquid crystal having negative dielectric anisotropy, a 
double refraction index An of 0.085 under the condition that 
the wavelength of light is 550 nm (corresponding to green). 
The reflective liquid crystal display device 1 is set to be used 
in a normally black mode. 
0059. In the foregoing single-color processor, the inven 
tors conducted various experiments in which the wavelength 
w of the illuminating light, the pre-tilt angle 0p and the twist 
angle (p of the liquid crystal molecules, and the thickness d of 
the liquid crystal layer 13 in a direction perpendicular to the 
substrates (hereinafter, simply referred to as a “cell thick 
ness') were changed to various values to measure, as an 
output, amounts of the reflection light (S-polarized light) 
which passes the polarization plate 3. The twist angle (p 
according to the various experiments is defined as an angle 
made between a pixel-side liquid-crystal orientation direction 
and an incidence-side liquid-crystal orientation direction, 
where, as illustrated in FIG. 2, the former and latter orienta 
tion directions are produced by making clockwise and coun 
terclockwise rotations of (p/2, respectively, from a central 
direction (defined as a reference direction and a line along this 
reference direction is called a reference line) decided by 
making a clockwise rotation of 45 degrees from the oscilla 
tion direction of the incident polarized light (P-polarized 
light). 
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0060 (Experiment 1) 
0061 Under the condition that the wavelength w of the 
illuminating light is 550 nm (green), the pre-tilt angle Op of 
the liquid crystal molecules is 82 degrees, and the cell thick 
ness d is 3.5 um, the twist angle (p was designated as a 
parameter to be changed to 0, 30, 60,90, 100, 110, 120, 130, 
and 150 degrees respectively. In each condition in which the 
twist angle (p was changed from one another, a Voltage to be 
applied between the transparent substrate 11 and all the 
reflective electrodes on the active matrix substrate 12 was 
changed in a range of 0-5 Volts, during which time the amount 
of the reflected light (S-polarized) at the WG-PBS 2 was 
measured. Measured results are shown in FIG. 3 as an 
“applied Voltage vs. output (light amount) characteristic' (in 
which the “output is expressed with a logarithmic scale). As 
understood from the curves shown in FIG. 3, a twist angle (p 
of 120 degrees provides a maximum contrast. In the case of 
(p=110 degrees, a contrast ratio of 10:1 or more were 
obtained, while in the case of cp=130 degrees, a contrast ratio 
which is slightly lower than 10:1 was obtained at an applied 
voltage of 0 volt. In addition, at an applied voltage of 1 volt or 
thereabouts, the output (light amount) showed a local mini 
mum, thus providing a contrast ratio of 10:1 or more. In 
cases where, like the case of cp=130 degrees, the contrast ratio 
has a local minimum at a specific applied Voltage, it is allowed 
to set the specific Voltage as a Voltage giving the black level. 
0062. Further, a further experiment was conducted in the 
same configuration as the above on a configuration in which 
the WG-PBS 2 was replaced by a MacNeille type of beam 
splitter. Measured results were shown in FIG. 4, in which, at 
cone angles of the incident polarized light (P-polarized) of 10 
degrees or higher, any twist angle (p exhibited contrast ratios 
which drastically reduced down to 200:1 or thereabouts. The 
reason for this drastic reduction in the contrast ratios is that 
the MacNeille type of beam splitter brings about a skew 
angle. In order to raise the contrast ratio, it was therefore 
necessary to place a quarter wave plate (i.e., phase compen 
sator) correcting the A-component between the MacNeille 
type of beam splitter and the reflective liquid crystal display 
device. 
0063 (Experiment 2) 
0064. In an experiment 2, setting was made such that the 
wavelength was a 550 nm (Green) and the pre-tilt angle was 
0p–82 degrees, while the cell thickness d was designated as a 
parameter to be changed every 0.2 um in a range of 2.6-4.0 
um. In each condition in which the cell thickness d was 
changed, the twist angle (p was changed in a range of 100-150 
degrees, during which time the brightness of black at an 
applied voltage of 0 volt and the brightness of white at an 
applied Voltage of 5 volts were measured for a comparison 
between those brightness levels. Measured results are shown 
in FIG. 5, which exhibits that the black level always become 
a minimum at (p=120 degrees regardless of changes in the cell 
thickness d and is relatively good in a range where the twist 
angle p is 110-130 degrees. 
0065 (Experiment 3) 
0066. In an experiment 3, setting was made such that the 
pre-tilt angle was 0p–82 degrees and the cell thickness was 
d=3.5um, while the illuminating light is changed to R-color, 
G-color and B-color, respectively, (i.e., their central wave 
lengths are 620 nm, 550 nm and 450 nm, respectively). In 
each condition in which the wavelength of the illuminating 
light was changed, the twist angle (p was changed from 90 to 
150 degrees for measurement of the black level (light leak 
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age). Measured results are shown in FIG. 6, in which the twist 
angle (p shows a minimum at 120 degrees independently of 
changes in the wavelength of the illuminating light. Addition 
ally it is understood that the black level (Light Leakage) is 
relatively lower in a range providing the twist angle (p of 
110-130 degrees. 
0067 (Experiment 4) 
0068. In an experiment 4, w$550 nm (Green) and d=3.5 
um were set, while the pre-tilt angle 0p of the liquid crystal 
molecules was changed in a range of 75-86 degrees. And in 
each condition in which Op is set to each angle, the twistangle 
(p was changed in a range of 100-150 degrees to measure the 
brightness of black at an applied voltage of 0 volts. This 
experiment showed that, as shown in FIG. 7, the brightness 
become to a minimum at a twist angle (p of 120 degrees and 
keeps relative lower levels in a range in which the twist angle 
cp is 110-130 degrees. From FIG. 8, it became clear that a 
maximum amount of output light to be obtained in response to 
each application of a Voltage reduced even when the pre-tilt 
angle Op was lowered or the twist angle (p was raised. 
0069. As a result, in order to maintain a sufficient bright 
ness level, it is necessary that the pre-tilt angle Op is set to 75 
degrees or higher and the twistangle p is set to 150 degrees or 
less. 
0070. Using the foregoing conditions for the pre-tilt angle 
0p and the twist angle (p, an image consisting of two pixels of 
white and one pixel of black which are aligned continuously 
in the horizontal scan direction was Subjected to enlarged 
projected display for actual observation. Observed results are 
obtained as shown in Table 1. 

TABLE 1. 

75 76 78 8O 82 84 85 
deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 C3 C3 C3 

00 deg. 
Twist = C3 
05 deg. 

Twist = C3 C3 C3 C3 C3 C3 C3 

10 deg. 
Twist = C3 C3 C3 

15 deg. 
Twist = C3 C3 C3 C3 C3 C3 C3 

20 deg. 
Twist = C3 C3 C3 C3 C3 

25 deg. 
Twist = C3 C3 C3 C3 C3 C3 C3 

30 deg. 
Twist = C3 C3 

35 deg. 
Twist = C3 C3 C3 

40 deg. 
Twist = C3 A 
45 deg. 

Twist = C3 C3 C3 C3 C3 C3 A 

50 deg. 

Notations: 
o: Image quality is good 
A: image quality is almost good 
X: Image deterioration due to disclination is observed 
—: No experiment (no data) 

0071. As shown in Table 1, it was confirmed that the image 
had a poor quality in a range of the pre-tilt angle Op which is 
86 degrees or higher. This poor image quality is attributable to 
the fact that a difference in voltage between mutually adjacent 
pixels on the active matrix substrate 12 causes disclination. 

86 
deg. 
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This disclination is illustrated in detail in FIG. 9, in which, at 
boundaries between each black pixel and each white pixel, 
areas which should originally be black suffer from the appear 
ance of a while line and, contrary to it, pixels which should 
originally be white was partially blackened. 
0072 Further experiments 5 to 8 were conducted in the 
same way as the foregoing experiments 1 to 4 by using a 
liquid crystal layer composed of nematic liquid crystal having 
negative dielectric anisotropy and a double refraction index 
An of 0.132 and 0.155, respectively, obtained under a light 
wavelength of 550 nm (green). 
(0073 (Experiment 5) 
0074 Under the condition that the wavelength w of the 
illuminating light is 550 nm (Green), the pre-tilt angle 0p of 
the liquid crystal molecules is 82 degrees, and the cell thick 
ness dis 2|Lim, the twistangle (p was designated as a parameter 
to be changed to 0, 30, 60,90, 100, 110, 120, 130, and 150 
degrees respectively. In each condition in which the twist 
angle (p was changed from one another, a Voltage to be applied 
between the transparent substrate 11 and all the reflective 
electrodes on the active matrix Substrate 12 was changed in a 
range of 0-5 Volts, during which time the amount of the 
reflected light (S-polarized) at the WG-PBS 2 was measured. 
Like the experiment 1, measured results are shown as an 
“applied Voltage vs. output (light amount) characteristic' (in 
which the “output is expressed with a logarithmic scale). As 
understood from the curves shown in FIG. 3, a twist angle (p 
of 120 degrees provided a maximum contrast. In the case of 
(p=110 degrees, a contrast ratio of 10:1 or more were 
obtained, while in the case of cp=130 degrees, a contrast ratio 

88 
deg. 

which is slightly lower than 10:1 was obtained at an applied 
voltage of 0 volt. In addition, at an applied voltage of 1 volt or 
thereabouts, the output (light amount) showed a local mini 
mum, thus providing a contrast ratio of 10:1 or more. In 
cases where, like the case of cp=130 degrees, the contrast ratio 
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has a local minimum at a specific applied Voltage, it is allowed 
to set the specific Voltage as a Voltage giving the black level. 
0075) Further, a further experiment based on the above 
experiment 5 was conducted in the same configuration as the 
above on a configuration in which the WG-PBS 2 was 
replaced by a MacNeille type of beam splitter. Like the first 
experiment 1, measured results were Such that, at cone angles 
of the incident polarized light (P-polarized) of 10 degrees or 
higher, any twistangle (p exhibited contrastratios which dras 
tically reduced down to 200:1 or thereabouts. The reason for 
this drastic reduction in the contrast ratios is that the Mac 
Neille type of beam splitter brings about a skew angle. In 
order to raise the contrast ratio, it was therefore necessary to 
place a quarter wave plate (i.e., phase compensator) correct 
ing the A-component between the MacNeille type of beam 
splitter and the reflective liquid crystal display device. 
0076 (Experiment 6) 
0077. In an experiment 6, setting was made such that the 
wavelength was a 550 nm (Green) and the pre-tilt angle was 
0p–82 degrees, while the cell thickness d was designated as a 
parameter to be changed every 0.2 um in a range of 1.4-2.6 
um. In each condition in which the cell thickness d was 
changed, the twist angle (p was changed in a range of 100-150 
degrees, during which time the brightness of black at an 
applied voltage of 0 volt and the brightness of white at an 
applied Voltage of 5 Volts were measured for a comparison 
between those brightness levels. Measured results are shown 
in FIGS. 10 and 11, which exhibits that the black level always 
become a minimum at (p=120 degrees regardless of changes in 
the cell thickness d and is relatively good in a range where the 
twist angle cb is 110-130 degrees. 
0078 (Experiment 7) 
0079. In an experiment 7, setting was made such that the 

pre-tilt angle was 0p–82 degrees and the cell thickness was 
d=3.5um, while the illuminating light is changed to R-color, 
G-color and B-color, respectively, (i.e., their central wave 
lengths are 620 nm, 550 nm and 450 nm, respectively). In 
each condition in which the wavelength of the illuminating 
light was changed, the twist angle (p was changed from 90 to 
150 degrees for measurement of the black level (light leak 
age). Measured results were similar to those in the experiment 
3, in which the twistangle (p shows a minimum at 120 degrees 
independently of changes in the wavelength of the illuminat 
ing light. Additionally it is understood that the black level 
(Light Leakage) is relatively lower in a range providing the 
twist angle (p of 110-130 degrees. 
0080 (Experiment 8) 
0081. In an experiment 8, 2550 nm (Green) and d=2 um 
were set, while the pre-tilt angle 0p of the liquid crystal 
molecules was changed in a range of 75-88 degrees. And in 
each condition in which Op is set to each angle, the twistangle 
(p was changed in a range of 100-150 degrees to measure the 

Twist = 
110 deg. 
Twist = 

120 deg. 
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brightness of black at an applied voltage of 0 volt. This 
experiment showed that, like the experiment 4, the brightness 
become to a minimum at a twist angle (p of 120 degrees and 
keeps relative lower levels in a range in which the twist angle 
cp is 110-130 degrees. Similarly to the results in the experi 
ment 4, it became clear that a maximum amount of output 
light to be obtained in response to each application of a 
voltage reduced even when the pre-tilt angle Op was lowered 
or the twist angle (p was raised. 
I0082. As a result, in order to maintain a sufficient bright 
ness level, it is necessary that the pre-tilt angle Op is set to 75 
degrees or higher and the twist angle p is set to 150 degrees or 
less. 
I0083. In this experiment, the cell thickness dis set to 2 um 
and 2.62 um, respectively, while the pre-tilt angle 0p of the 
liquid crystal molecules was changed during a range of 75 to 
88 degrees and for each pre-tilt angle 0p, the twistangle (p was 
changed during a range of 110 to 130 degrees. And an image 
was produced by alternately mapping two white pixels and 
one black pixel in eachhorizontal scanning direction, and this 
image was projected in an enlarged manner and Subjected to 
an observation. By this observation, it was found that the 
image kept an almost good quality up to a pre-tilt angle Op of 
87 degrees for a cell thickness of 2.6 Lum and up to a pre-tilt 
angle Op of 88 degrees for a cell thickness of 2 um, respec 
tively. The reason is that, compared to the foregoing experi 
ment 4, the cell thickness is made thinner to Suppress each 
pixel from being influenced by the lateral electric fields from 
neighboring pixels. In contrast, in the experiment 4, it was 
found that the image was deteriorated due to the disclination 
in a range of pre-tilt angles Op of 86 degrees or more. How 
ever, by making the cell thickness thinner, Such a difficulty 
can be overcome. 
I0084. From the foregoing various experiments, the fol 
lowing conclusions can be derived. When the double refrac 
tion index An and the cell thickness d of the nematic liquid 
crystal layer having negative dielectric anisotropy are 
changed, the black level becomes a minimum at a twist angle 
(p of 120 degrees and is kept good over a range of twistangles 
(p of 110 to 130 degrees. In order to obtain a high quality 
image with higher contrast, it is preferred to set pre-tilt angles 
0p of 75 to 85 degrees. This is true of the case of the cell 
thickness d=3.5um. Setting the cell thickness d to 2.6 um or 
less alleviates the influence of the disclination to a large 
extent, thus providing high-quality images. In addition, as 
shown in Tables 2 to 5, the pre-tilt angle 0p that provides 
high-quality images can be extended to a range of 75 to 87 
degrees as for a cell thickness of 2.6 um and to a range of 75 
to 88 degrees as for a cell thickness of 2 um, respectively. 
I0085. Accordingly, it can be concluded that the cell thick 
ness dis available for a range of 3.5um or less, and preferably, 
it is desired to set the cell thickness d to 2.6 um or less. 

TABLE 2 

(double refraction index An = 0.132, cell thickness d = 2 Im) 

75 76 78 8O 82 84 86 87 88 
deg. deg. deg. deg. deg. deg. deg. deg. deg. 
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TABLE 2-continued 

(double refraction index An = 0.132, cell thickness d = 2 m) 

75 76 78 8O 82 84 86 87 88 

deg. deg. deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 A 

130 deg. 

Notations: 

o: Image quality is good 
A: image quality is almost good 

X: Image deterioration due to disclination is observed 
—: No experiment (no data) 

TABLE 3 

double refraction index An = 0.155, cell thickness d = 2 in 

75 76 78 8O 82 84 86 87 88 
deg. deg. deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 C3 A 

110 deg. 
Twist = C3 C3 C3 C3 C3 C3 C3 C3 X 

120 deg. 
Twist = C3 C3 C3 A 

130 deg. 

Notations: 
o: Image quality is good 
A: image quality is almost good 
X: Image deterioration due to disclination is observed 
—: No experiment (no data) 

TABLE 4 

double refraction index An = 0.132, cell thickness d = 2.6 in 

75 76 78 8O 82 84 86 87 88 
deg. deg. deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 A X 

110 deg. 
Twist = C3 C3 C3 C3 C3 C3 C3 A X 

120 deg. 
Twist = C3 C3 C3 A 

130 deg. 

Notations: 
o: Image quality is good 
A: image quality is almost good 
X: Image deterioration due to disclination is observed 
—: No experiment (no data) 

TABLE 5 

double refraction index An = 0.155, cell thickness d = 2.6 in 

75 76 78 8O 82 84 86 87 88 
deg. deg. deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 A X 

110 deg. 
Twist = C3 C3 C3 C3 C3 C3 C3 A X 

120 deg. 
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TABLE 5-continued 

double refraction index An = 0.155, cell thickness d = 2.6 in 

75 76 78 8O 82 84 86 
deg. deg. deg. deg. deg. deg. deg. 

Twist = C3 C3 C3 

130 deg. 

Notations: 
o: Image quality is good 
A: image quality is almost good 
X: Image deterioration due to disclination is observed 
—: No experiment (no data) 

I0086 Although ideal orientation conditions derived from 
the foregoing embodiments can be illustrated in FIG. 12A, 
these are also optically equivalent to orientation conditions 
illustrated in FIGS. 12B, 12C and 12D, in which the reference 
line is rotated 90, 180, and 270 degrees, respectively. More 
over, from an optical point of view, the orientation conditions 
shown in FIG. 12A are also equivalent to those illustrated in 
each of FIGS. 13 A-13D, in which the incidence-side and 
pixel-side liquid crystal orientation directions are opposite to 
each other from the directional geometry shown in FIGS. 
12A-12D. 

0087. In the present embodiment, the twist angle cb is 
defined as an angle made between the pixel-side and inci 
dence-side liquid-crystal orientation directions, as explained 
before, but this can still be modified as below. That is, the 
angle of the reference line (i.e., reference direction) from the 
oscillation direction of the incident polarized light (P-polar 
ized light) is not always limited to an exact angle of 45 
degrees, but may be set to an angular range of 45ts degrees. 
As long as the twist angle p is kept to 110-130 degrees, 
rotating the pixel-side and incidence-side liquid-crystal ori 
entation directions within the range of the twist angle (p will 
have almost no influence on the contrast ratio, even though 
Such a rotation may influence the brightness. 
I0088. Further, the twist angle p can be set to 110-130 
degrees, and in Such a case, the incidence-side and pixel-side 
liquid crystal orientation directions can be set respectively to 
a value in an angular range of 55-65 degrees to the reference 
line. An alternative way for setting the orientation directions 
is that, when it is assumed that variables C. and B are Zero or 
positive satisfying an inequality of litCi?s 10 (signs are 
inconsecutive), an angle made between the incidence-side 
liquid crystal orientation direction and the reference line is set 
to “60+C. degrees and a further angle made between the 
pixel-side liquid crystal orientation direction and the refer 
ence line is set to “60+B degrees. 
0089. In addition, as to the variables C. and B for setting an 
angle made with the reference line, it is particularly prefer 
able that those variables C. and B are set to meet a condition of 
|C.|--|BIs 10. 
0090. In the first embodiment, the advantages can be sum 
marized as follows. 

0091. When the reflective liquid crystal display device is 
arranged to receive, as incident light, the polarized light pro 
duced by the optical system including the wire grid, images 
can be displayed with high contrast which is critically signifi 
cant. In using vertically aligned liquid crystal (nematic liquid 
crystal having negative dielectric anisotropy), it is necessary 
to give the liquid crystal molecules a pre-tilt angle Op So as to 

87 
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prevent the occurrence of disclination. In the case of the 
conventional reflective liquid crystal display device, the pre 
tilt angle results in shifts in phases, thus lowering contrast to 
the contrary, thus requiring a phase compensator to compen 
sate the phase shifts. However, thanks to the structures pro 
vided in the first embodiment, it becomes unnecessary to 
compensate A-components which differ depending on reflec 
tive liquid crystal display devices. In other words, with no use 
of a phase compensator for compensating the A-components, 
very high contrast can be given to images to be produced by 
each processor. Hence a further advantage is that, in the 
projection display apparatus obtaining color images through 
combining the modulated light on the three colors (R,G,B), 
differences among display characteristics on respective col 
ors are improved, which leads to high and stabilized quality of 
images to be displayed by each display device. 

Second Embodiment 

0092 Referring to FIGS. 14-19 and, according to need, the 
foregoing drawings, a second embodiment of the present 
invention will now be described. The second embodiment is 
concerned with how to limit the illuminating light. 
0093. In cases where, as shown in FIG. 4, the incident 
polarized light of which cone angle is 10 degrees or less is 
adopted, it was found that the contrast of images tended to be 
remarkably improved. It is therefore desirable to use incident 
polarized light with a cone angle of 9 degrees or less. This 
results in the use of an aperture member having an F-value of 
3.6. When this aperture member was actually applied to the 
illuminating light, an improvement in contrast was found. 
0094. When the aperture is limited, the brightness will be 
lowered inevitably. This drawback can effectively be avoided 
by adopting an aperture shown in FIG. 14, in which the four 
corners of the incident illuminating light are limited inwardly 
along their diagonal line directions, respectively. It was con 
firmed by the present inventors that this limiting way keeps 
high contrast, with a decrease in the brightness kept to a small 
amount. Accordingly, in applying the reflective liquid crystal 
display device according to the first embodiment to the pro 
jection display apparatus equipped with the aperture member 
limiting the illuminating light, it is desired to adopt the aper 
ture shown in FIG. 14. 
0.095 Hereinafter, a projection display apparatus accord 
ing to the present invention, which is still equipped with the 
foregoing aperture member, will now be exemplified. For the 
sake of an easier understanding, the whole configuration of 
this projection display apparatus will now be outlined, prior 
to the description of the aperture member inherent to the 
embodiment. 
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0096 FIG. 15 is a plan view showing the configuration of 
this projection display apparatus, while FIG. 16 illustrates an 
optical path from a light Source to a screen, which is adopted 
by the projection display apparatus shown in FIG. 15. In the 
configuration shown in FIG. 16, a color-separating optical 
system, a polarizing optical system such as a wire grid type of 
polarizing beam splitter, a color-synthesizing optical system, 
and an optical system for controlling optical paths are omitted 
from being depicted. 
0097. As shown in FIG. 15, the projection display appa 
ratus adopts a fry's eye integrator which serves as the illumi 
nating optical system. That is, in this projection display appa 
ratus, illuminating light generated by a light Source 101 
passes an aperture member 121 and a fry's eye integrator 102. 
both of which composes the illuminating optical system, 
passes a condenser lens 103, and then enters a cross dichroic 
mirror 104 serving as a first color-separating optical system. 
0098. The fry's eye integrator 102 has a pair of flat trans 
parent base plates on each of which Small-diameter convex 
lenses are arrayed in a matrix form. This fry's eye integrator 
102 is able to produce a large number of optical source 
images, so that Superposing those optical source images on 
one another gives uniformity to the distribution of illumina 
tions of this illuminating light. 
0099. The cross dichroic mirror 104 has a structure of two 
dichroic mirrors which is combined with each other in a cross 
form, in which one mirroris able to reflect blue light Band the 
other mirror is able to reflect red-green light RG. Thus, this 
mirror 104 receives the illuminating light from the light 
source 101, and reflects the blue light component B in a first 
direction and the red-green light component RG in a second 
direction opposite to that along which the blue light compo 
nent B is reflected. 

0100. The blue light component B, which has been 
reflected by the mirror 104 in the first direction, is then 
reflected by a first mirror 105 to change its directions so that 
the light passes a field lens 106. The light from the field lens 
106 then enters a first wire grid type of polarizing beam 
splitter 107. This splitter 107 is obliquely positioned to have 
an attitude of approximately 45 degrees to the optical path, 
which has the capability of permitting only a P-polarized light 
component to be passed therethrough. That is, prior to the 
incidence to the first wire grid type of polarizing beam splitter 
107, the light is converted to the P-polarized light by a pre 
polarizer 126, whereby images being displayed are improved 
in terms of their contrast. The blue light component B, which 
has passed this splitter 107, then enters to a first reflective 
liquid crystal display device 108 placed for this blue light 
component B. For example, this display device 108 is struc 
tured into a reflective liquid crystal light bulb. 
0101 Meanwhile the red-green light component RG 
reflected in the second direction by the cross dichroic mirror 
104 changes its directions by the reflection at a second mirror 
109, and then enters, through a pre-polarizer 127, a dichroic 
mirror 109 serving as a second color-separating optical sys 
tem. Hence, before entering the dichroic mirror 110, the 
reflected light is converted into P-polarized light in advance. 
This manner is also effective in improving the contrast, like 
the foregoing. In this way, the dichroic mirror 110 allows the 
red light component R to be passed therethrough and the 
green light component G to be reflected thereat, thus causing 
the red and green light components R and G to be separated 
from each other. 
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0102. In addition, the red light component R that has 
passed the dichroic mirror 110 enters a second wire grid type 
of polarizing beam splitter 112 via a field lens 111. This beam 
splitter 112 is located to have a tilt of approximately 45 
degrees to the optical path, so that the beam splitter 112 
allows only the P-polarized light component to pass there 
through. The red light component R, which have passed the 
beam splitter 112, enters a second reflective liquid crystal 
display device 113 paced for the red light component R. 
0103) The green light component G, which has been 
reflected by the dichroic mirror 110, enters a third wire grid 
type of polarizing beam splitter 115 via a field lens 114. This 
beam splitter 115 is also located to have a tilt of approxi 
mately 45 degrees to the optical system, so that only the 
P-polarized light component to the beam splitter 115 is 
allowed to pass the beam splitter 115. Before entering the 
beam splitter 115, the light is converted into the P-polarized 
light by the pre-polarizer 127 in advance, whereby images 
being displayed is improved from a contrast viewpoint. The 
green light component G, which has this third wire grid type 
of polarizing beam splitter 115, is then made to enter a third 
reflective liquid crystal display device 116 placed for the 
green light G. 
0104. The blue, red and green light components B. R and 
G, which have now entered the reflective liquid crystal dis 
play devices (reflective spatial light modulating elements) 
108, 113 and 115, respectively, are reflected to include image 
light modulated to S-polarized light depending on image 
signals, so that the modulated light beams return to the beam 
splitters (reflective polarizing plates) 107, 112 and 115, 
respectively. As shown in FIG. 15, the image light beams are 
reflected by the beam splitters 107,112 and 115, respectively, 
So as to advance through three optical paths toward a cross 
dichroic prism 117 serving as the color-synthesizing optical 
system. 
0105. As a preferred mode according to the present 
embodiment, between each of the beam splitters 107, 112 and 
115 and the cross dichroic prism 117, an analyzer 123 (124 
and 125) for each color light beam is inserted for removing 
unnecessary polarized components from each of the image 
light beams reflected by the beam splitters 107, 112 and 115, 
respectively. The use of the analyzers improves the contrast of 
images being displayed. This analyzer is formed by a polar 
izing plate, and may be formed by a wire grid type of polar 
izing plate. 
0106 The cross dichroic prism 117 is structured into a 
cubic prism formed by combining and bonding four triangle 
pole-like prisms together. On the bonding Surface of each 
triangle-pole-like prism, there is formed a dichroic mem 
brane, which is formed so that membranes on the two surfaces 
are mutually crossed at the center of the cross dichroic prism 
117. In this prism 117, the dichroic membrane which serves 
one-side surface is able to reflect the blue light component B 
but allow the red and greenlight components Rand G to pass 
therethrough. In addition, in this prism 117, the dichroic 
membrane which serves the other-side Surface has the capa 
bility of reflecting the red light component R but allowing the 
blue and green light components B and G pass therethrough. 
0107 Accordingly, the cross dichroic prism operates such 
that the blue light component B entered from the one-side 
surface is reflected by the dichroic membrane serving as the 
one surface so as to transmit the reflected light ahead of the 
prism 117, the red light component Rentered from the others 
side surface is reflected by the dichroic membrane serving as 
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the other surface so as to transmit the reflected light ahead of 
the prism 117, and the green light component Gentered from 
the back surface is transmitted ahead of the prism 117 via the 
respective dichroic membranes. Hence the blue, red and 
green light components B. R and Gare synthesized with each 
other. 
0108. The resultant blue, red and green light components 
B. R and G synthesized by the cross dichroic prism 117 are 
made to enter a projection lens 118 as a synthesized light 
beam (see FIGS. 15 and 16). The projection lens 118 operates 
to project the incident image light beams on a screen for 
displaying images. 
0109. In the optical path in the projection lens 118, a 
further aperture member 122 is disposed, in addition to the 
foregoing aperture membrane 121 disposed in the illuminat 
ing light path. Each of the aperture members 121 and 122 
includes a combination of a plurality of blades, gears and a 
motor, like a shutter for cameras, for instance. 
0110. The configuration shown in FIGS. 15 and 16 is 
provided with both aperture members 121 and 122 at the same 
time, but this is not a definitive list. Either the aperture mem 
ber 121 or the aperture member 122 can be disposed in a 
selective manner. 
0111. As shown in FIG. 4, using the incident polarized 
light whose cone angle is 10 degrees or less considerably 
raises contrast of images. In particular, it is thus preferred to 
use the incident polarized light whose cone angle is 9 degrees 
or less. Such a use corresponds to use of an aperture member 
having an F-value of 3.6. When such an aperture member is 
actually applied to the illuminating light, the contrast of 
images is obtained. It is therefore possible to additionally 
arrange the foregoing aperture member(s) in the present pro 
jection display apparatus in the illuminating optical system 
and/or the projecting optical system, whereby images being 
projected can be improved considerably. 
0112 However, when the aperture member is used, it is 
inevitable to decrease the brightness of images. As to this 
problem, it is effective to adopt the limiting way to limit pixels 
along the diagonal directions of an aperture, from the four 
corners gradually, as shown in FIG. 14. This limiting way is 
helpful for giving an increased contrast to images being dis 
played, with the brightness of the images Suppressed from 
lowering so much. 
0113. The pre-tilt angle and the twist angle can be set as 
described before, so that the viewing angle characteristic of 
the reflective liquid crystal display device can be widened. 
This viewing angle characteristic is exemplified as an isolu 
minance contour in FIG. 17, which shows that this aperture 
member gives contrast to light having angular components in 
the diagonal directions of the aperture. 
0114. In the case of the aperture member 121 (122) shown 
in FIGS. 15 and 16, a light intensity distribution over the 
angles of the illuminating light can be grasped as a light 
intensity distribution of light source images produced on the 
secondly positioned fly’s eye integrator 102 observed when 
being viewed from the side of the light source 101. The 
aperture member 121 (122) has a rectangular aperture accept 
ing the illuminating light and is disposed in the vicinity of the 
fly's eye integrator 102. 
0115. In a light intensity distribution of light source 
images in the aperture of the aperture member 121, the inten 
sity becomes weaker as the position in the aperture 
approaches to the four corners in the diagonal directions, 
when viewed along the frontal direction of the secondly posi 
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tioned fry's eye integrator 102. FIG. 18 pictorially illustrates 
Such a condition corresponding to a conventional aperture 
member, where setting is made such that the denser (darker) 
the light Source image positions in an aperture, the higher the 
light intensities. As can be understood from this illustration, 
the four corners of the aperture, which provide components at 
larger angles, are given lowerlight intensities. Even if the four 
corner portions are lower in the light intensities, such portions 
contain lots of components which decrease the contrast. 
0116. In contrast, the aperture member 121 (122) accord 
ing to the present embodiment has the aperture that is able to 
provide a light intensity distribution of light source images, 
which is shown in FIG. 19. Specifically, in the four corner 
regions of a rectangular aperture, there are formed light 
shielding membranes (refer to four black rectangular 
regions), so that light rays are removed preferentially com 
pared to the remaining region. Hence it is possible to enhance 
the contrast of images, with no large decrease in the bright 
ness of the illuminating light. 
0117. In this embodiment, the aperture member 121 is 
arranged in the illumining optical system, whereby unneces 
sary light rays can be prevented from being transmitted after 
the color-separating optical system. This is effective in Sup 
pressing increases in temperature of the liquid crystal display 
devices and optical parts as much as possible. 
0118. Additionally, the fly's eye integrator in the illumi 
nating optical system can be replaced by a light pipe type of 
integrator. In this case, it is preferred to dispose the integrator 
in the vicinity of the optical source images, providing the 
advantage similar to the above. 
0119 The disposal position of the aperture member is not 
always limited to that in the illuminating optical system, but 
may be assigned to a position in the projection optical system. 
Since there are formed the secondary light source images also 
in the projection lens 118, the aperture member 122 in FIGS. 
15 and 16 is disposed at a specific position or at neighboring 
positions thereto in the projection lens 118, the secondary 
light source images being formed at the specific position. This 
aperture member 122 also has the similar advantages to those 
resultant from the aperture member 121. Further, the second 
ary light source images produced in the projection lens are 
Smaller, providing another advantage that the aperture mem 
ber can be made Smaller and less cost. 
0.120. As a result, in cases where the reflective liquid crys 

tal display device according to the first embodiment is applied 
to a projection display apparatus, the aperture member(s) 
adopted by the second embodiment enables an increase in the 
contrast of images being displayed, with the brightness Sup 
pressed from decreasing so largely. 
I0121 The aperture members 121 and 122 used in the 
second embodiment can be modified into further structures. 
Though the pattern of Such an aperture member can be fixed, 
but may be movable by for example limiting it into smaller 
ones, as shown in FIG. 20. The brightness and/or contrast of 
images can be adjusted dynamically. For example, the adjust 
ment can be done as exemplified in FIG. 21, where the aper 
ture is narrowed to drop the brightness for an improvement in 
the contrast. FIG.22 also shows another modification of such 
adjustment manners. 

Third Embodiment 

I0122) Referring to FIGS. 15, 23-29, a projection display 
apparatus according to a third embodiment of the present 
invention will now be is described, in which the reflective 
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liquid crystal display device according the present invention 
is employed. In particular, the third embodiment is concerned 
with the projection display apparatus which adopts a phase 
compensator for incident light entering the display device. 
0123. In the reflective liquid crystal display device 1 
shown in FIG. 1, it is ideal that the incident angle of the 
incident polarized light to the liquid crystal layer 13 is 0 
degree. Meanwhile, in general, an illuminating apparatus 
radiating illuminating lighttoward the reflective liquid crystal 
display device 1 adopts an integrator optical system in order 
to raise the efficiency of use of light. This adoption of the 
integrator optical system will result in giving a cone angle to 
the incident polarized light. If this cone angle becomes larger, 
the liquid crystal layer 13 is obliged to give a larger difference 
in phase to the light due to double refraction thereat, whereby 
images to be displayed are subjected to deterioration in the 
COntraSt. 

0.124. In the present embodiment, this problem is over 
come by adopting a phase compensator serving as a phase 
compensator. To be specific, as illustrated in FIG. 14, a pro 
jection display apparatus is provided with a phase compen 
sator 16 placed between the WD-PBS 2 and the reflective 
liquid crystal display device 1, with the result that high con 
trast of images is obtained. This was confirmed by the present 
inventors through experiments. In FIG. 14, the remaining 
components other than the plate 16 are the same as those 
described in the first embodiment. 
0.125 For example, on the condition that the pre-tilt angle 
and the cell thickness of the molecules of the liquid crystal 
layer 13 both are fixedly set and illuminating light is set to 
have a wavelength of 550 nm (Green), an F-value of 2.4, a 
cone angle (polar angle) of 12.4 degrees, the twistangle of the 
molecules of the liquid crystal layer 13 is selectively set to 0. 
90 and 120 degrees. For each of such twist angles, the phase 
compensator 16 is Subjected to changes of its phase difference 
for measurement of light leakage in the black state. Measured 
results are shown in FIG. 15, in which it was confirmed that a 
phase difference of approximately 250 nm provides a black 
level of the least leakage of the light, providing high contrast. 
In addition, confirmation was also made which a range from 
130-400 nm in the phase difference still provides good black 
level states. 

0126. It should be noted however that the phase compen 
sator 16 used in the above inventors’ experiments was 
selected to have a thickness-directional refraction index nz 
Smaller than plate-directional refraction indexes nx=ny. A 
practical example is nx=ny=1.5225 and nz=1.51586. The 
reason why the above phase compensator 16 is selected is as 
follows. The phase difference needed by this plate for the 
necessary becomes larger with an increase in the incident 
angle of the incident polarized light. However, even if the 
same phase difference AP=2it (nx-nz)(d/Y) (wherein d is a 
layer thickness and Y is the wavelength of incident polarized 
light) is given, an averagely larger in-plane refraction index 
(nx+ny)/2 gives a smaller refraction angle to the light passing 
the phase compensator 16 based on Snell's law. This results in 
deteriorating effectiveness for the phase compensation. 
Therefore, the thickness-directional refractive index nz of the 
plate 16 was made smaller than that of the plate-directional 
ones nX and ny. 
0127. By the way, in FIG. 25, there are shown graphs 
providing, along an axis of abscissae, incident angles of the 
incident polarized light entering the phase compensator 16 
and, along an axis of ordinate, differences from a phase dif 
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ference in the case of an incident angle of 0 degree. The 
incident angle is measured as an angle of the incident polar 
ized light to the substrate surface. 
I0128. The graphs provide two types of values of retar 
dance (nm) of the light. One type of values are measurement 
values of the retardance obtained under the samples (a refrac 
tive index is some 1.5 and a phase difference is 260 nm) of a 
phase compensator experimentally showing high contrast, 
while the other type of values are simulated values of the 
retardance which are obtained with the use of hypothetical 
phase compensators whose refractive indices are nx ny=1. 
5225 and nz=1.51586 and phase differences are changed to 
66, 130, 200, 265, 330 and 400, respectively. 
I0129. As clearly comprehensive from FIG. 25, the mea 
Sured values precisely agree with the simulated values. In a 
condition where the phase difference at the phase compensa 
tor 16 is in a range of 130-400 nm, which was been confirmed 
as an optimum range in FIG. 24, it can be inferred that the 
difference from the phase differences according to the inci 
dent polarized light having a cone angle (polar angle) of 30 
degrees corresponds to a range of 31-52 nm. From this fact, it 
is understood that, when the incident angle of the incident 
polarized light to the substrate surface is 30 degrees, the phase 
compensator 16 can be given an optical characteristic that 
changes by 31-52 nm from a phase difference to be caused in 
response to an incident angle of 0 degree. Utilizing the phase 
compensator 16 having Such an optical characteristic pro 
vides images with high contrast. 
I0130. Utilizing FIG. 15 again, the forgoing phase compen 
sator will now be detailed in terms of its actual application. 
I0131 The reflective liquid crystal display device shown in 
FIG. 15 exemplifies a structure in which the foregoing phase 
compensator is inserted in each of the color channels. Spe 
cifically, each of phase compensators 131 to 133 for the 
respective color channels is arranged between the respective 
liquid crystal display device and the wire grid type of polar 
izing beam splitter in each color channel so that the phase 
compensation can be carried out, thus improving the contrast. 
I0132 Each of these phase compensators 131 to 133 is 
formed into a phase compensating plate, called "C plate.” in 
which the refraction index in a thickness direction perpen 
dicular to the plate is set to be smaller than the refraction 
indices in a plate direction that is in parallel to the plate. In 
other words, the C plate is defined as a phase compensating 
plate that satisfies a condition of “nx=ny>nz, where nx and 
ny are primary refraction indices in mutually perpendicular 
directions along the plate direction and nz is a primary refrac 
tion index in the thickness direction. 
0.133 Each of the blue(B)-channel phase compensator 
131, the green(G)-channel phase compensator 132, and the 
red(R) phase compensator 133 is previously given an opti 
mum phase difference for compensating for a phase differ 
ence in each wavelength band. AR (anti-reflection) coating is 
applied to the boundary face of each phase compensator 131 
(to 133) to the air (i.e., the outer surface of each phase com 
pensator), with the reflected light reduced. 
0.134. In the first embodiment, FIG. 5 has been introduced 
to show the relationship between the cell thickness of a liquid 
crystal layer and the light output in the dark State. It has also 
been confirmed that making the cell thickness of a liquid 
crystal layer improves its characteristics including the discli 
nation shown in FIG.9 and a response speed. However, mak 
ing the cell thickness too small will result in a very high 
Voltage for driving the liquid crystal, thus making it difficult 
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to produce the drive circuits. On the other hand, different 
types of liquid crystal require different drive Voltages and 
provide different response speeds, so that optimum phase 
differences for phase compensators become different from 
each other. 

0135 FIGS. 26, 27 and 28 concern with three types of 
liquid crystal of which double refraction indices. An are mutu 
ally different (An=0.085, 0.132, 0.155) and, respectively, 
show the relationship between the phase difference for a 
phase compensator and the light leakage under the condition 
that each cell thickness d is taken as a parameter. As already 
described, with the twist angle p independent of the double 
refraction index An and the cell thickness d, a twist angle (p of 
120 degrees gives a minimum to the light output. However, 
the phase differences for phase compensators depends on the 
double refraction index An and the cell thickness d, because 
local minimum values of the curves showing the light leakage 
depend on those values. An and d. 
0136. On the other hand, a retardation which is caused 
when the light passes a liquid crystal layer of a cell thickness 
d is expressed by “And..” Hence when a phase difference (i.e., 
retardance) for the phase compensator, which provide a mini 
mum value of each curve in FIGS. 26, 27 and 28, is expressed 
by Rth, the relationship between the retardance Rth and the 
value “And can be shown in FIG. 29. 
0137 The graph in FIG. 29 shows that, when And=150 
nm, an optimum phase difference Rth for the phase compen 
sator is 200 nm and, when And=500 nm, an optimum phase 
difference Rth for the phase compensator is 600 nm When 
taking it consideration the irregularities of liquid crystal lay 
ers and phase compensators to be adopted in actual appara 
tuses, an optimum range of the phase difference Rth for the 
phase compensator is 100 to 650 nm for the values And of 
150-500 nm. Furthermore, as for the values And of 300-400 
nm, an optimum range of the phase difference Rth for the 
phase compensator is 300-500 nm. 
0.138. As described, though the retardation And changes 
depending on the double refraction index An of liquid crystal 
and the cell thickness d thereof, the present embodiment 
enables use of a phase compensator of a best-Suited phase 
difference, whereby the contrast of image being displayed 
can be improved more. 
0.139. The projection display apparatus according to the 
third embodiment is able to provide high-contrast projected 
images by additionally using the phase compensator of the 
predetermined characteristics described above. 
0140. By the way, the structures described in both the 
second and third embodiments, that is, the collimator 20 and 
the phase compensator 16 may be brought into operation 
together. 

Fourth Embodiment 

0141 Referring to FIG. 30, a projection display apparatus 
with a reflective liquid crystal display device will now be 
described, in which the projection display apparatus is 
according to a fourth embodiment of the present invention 
and is characteristic of use of another type of polarizing beam 
Splatter. 
0142. As described, the projection display apparatus 
according to the foregoing embodiments adopts the wire grid 
type of polarizing beam splitter (WG-PBS) as the polarizing 
beam splitter (PBS) which is combined with the reflective 
liquid crystal display device reduced into practice according 
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to the present embodiment. This combination realizes a 
higher contrast ratio compared with the conventional, as 
described. 
0.143 However, such a combination is not a definitive list 
in the present invention. In cases where the wire grid type of 
polarizing beam splitter is not used, the foregoing liquid 
crystal display devices 108, 113 and 115 according to the 
present invention can still be combined with other types of 
polarizing beam splitters, although the performance cannot 
reach a level as high as the combination with the wire grid 
type of polarizing beam splitter, but is still higher than the 
conventional. By way of example, a MacNeille type of polar 
izing beam splitter, which has been used widely, can be 
adopted. In this case, it is not required to re-design the outer 
appearance of a conventional optical engine with the Mac 
Neille type of polarizing beam splitter. The conventional opti 
cal engine can be used, provided the reflective liquid crystal 
display devices are exchanged, thus reducing production 
COStS. 

014.4 FIG. 30 is a plan view showing a projection display 
apparatus with Such an optical engine. In this figure, for the 
same of a simplified explanation, the components which are 
the same or identical as or to those in FIGS. 15 and 16 of the 
second embodiment are given the same reference numerals. 
0145. In the projection display apparatus shown in FIG. 
30, the components corresponding to those residing in a sys 
tem extending from a light source to a color separation unit 
are similar to those in the second embodiment. Additionally, 
there are provided MacNeille type of polarizing beam split 
ters 151-153, to which polarizing planes composed of pre 
polarizers 126 and 127 are applied as shown in FIG. 30, so 
that the beam splitters 151-153 receive S-polarized light. 
Each of the MacNeille type of polarizing beam splitters 151 
153, which is composed of two prisms which are glued 
together, reflects the S-polarized light serving as the incident 
illuminating light. The reflected light (S-polarized) is trans 
mitted to each of reflective liquid crystal display devices 108, 
113 and 115 through each of phase compensators (e.g., quar 
ter wave plates) 141-143 placed between. 
0146 The incident light is modulated in each of the dis 
play devices 108, 113, and 115 depending on images, and 
then the modulated light is reflected and returned to each of 
the beam splitters 151-153 again via each of the phase com 
pensators 141-143. The returned light passes each of the 
beam splitters 151 and 153 so that the light is converted to 
P-polarized modulated light. The modulated light for each 
color is synthesized by the cross dichroic prism 117, and the 
synthesized light is projected to a screen by the projection 
lens 118. 
0147 Alternatively, the MacNeille type of polarizing 
beam splitter can be replaced by a Cartesian type of polarizing 
beam splitter. 
0.148. The present invention may be embodied in several 
other forms without departing from the spirit thereof. The 
present embodiments as described are therefore intended to 
be only illustrative and not restrictive, since the scope of the 
invention is defined by the appended claims rather than by the 
description preceding them. All changes that fall within the 
metes and bounds of the claims, or equivalents of such metes 
and bounds, are therefore intended to be embraced by the 
claims. 

1-5. (canceled) 
6. A projection display apparatus comprising: a light 

Source radiating light; an illuminating optical system receiv 
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ing the light radiated by the light source: a polarizing beam 
splitter polarizing the radiated light through the optical sys 
tem to produce polarized light and separating modulated light 
and non-modulated light; a reflective liquid crystal display 
device receiving the polarized light to modulate the received 
polarized light in response to image signals so that the modu 
lated light is produced and returning the modulated light to 
the polarizing beam splitter, and a projection lens receiving 
the modulated light separated by the polarizing beam splitter 
to project the modulated light to a display plane on which an 
image is displayed, wherein the reflective liquid crystal dis 
play device comprises a first Substrate receiving a perpen 
dicular incidence of the polarized light, which is polarized by 
the polarizing beam splitter, and having a surface on which a 
transparent electrode is formed, the light being polarized by 
an optical system including a polarizing beam splitter, a sec 
ond Substrate being disposed in parallel to the second Sub 
strate with a space left between the first and second elec 
trodes, having a surface on which both reflective electrodes 
and drive circuits for respective pixels are formed in a matrix, 
and causing modulated light to return to the optical system, 
both Surfaces of the first and second Substrates being opposed 
to each other; and a liquid crystal layer held between both 
Surfaces of the first and second Substrates, composed of nem 
atic liquid crystal having negative dielectric anisotropy, and 
given a function of modulating the polarized light into the 
modulated light, wherein a first liquid crystal orientation 
direction on the first Substrate is set to an angle rotated by 
“60+-C. degrees in a first rotating direction starting from a 
reference direction, and a second liquid crystal orientation 
direction on the second Substrate is set to an angle rotated by 
“60+-B” degrees in a second rotating direction starting from 
the reference direction, the first and second rotating directions 
mutually oppositely rotating from the reference direction, the 
reference direction being parallel to the first and second sub 
strates and being within an angular range defined as a central 
angle plus ..+-0.5 degrees wherein the central angle is +-45 
degrees from an oscillation direction of the polarized light 
entering each Substrate, and a relationship of C.I+Bls 10 (C. 
and B are Zero or positive integers) being fulfilled. 

7. The projection display apparatus according to claim 6. 
comprising an aperture member is positioned at one or more 
positions selected from a first position in the illuminating 
optical system and a second position in the projection lens and 
formed to have an aperture through which the light generated 
by at least one of the illuminating optical system and the 
projection lens passes so as to narrow a range of the light in a 
diagonal direction of the aperture. 

8. The projection display apparatus according to claim 6. 
comprising a phase compensator disposed between the 
reflective liquid crystal display device and the polarizing 
beam splitter. 

9. The projection display apparatus according to claim 8. 
wherein the phase compensator is formed to (1) meet a con 
dition of nx nyenZ, wherein nx and ny are primary refraction 
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indices of the liquid crystal display device in mutually-per 
pendicular directions in a plane of the phase compensator and 
nZ is a primary refraction index of the liquid crystal display 
device in a thickness direction thereof and (ii) have a phase 
difference setto 100 to 650 nm, inacase where the retardation 
“And of the liquid crystal display device is 150 to 500 nm 
wherein An is a double index and d is a thickness of the liquid 
crystal layer. 

10. The projection display apparatus according to claim 8. 
wherein the phase compensator is formed to (1) meet a con 
dition of nx nyenZ, wherein nx and ny are primary refraction 
indices of the liquid crystal display device in mutually-per 
pendicular directions in a plane of the phase compensator and 
nZ is a primary refraction index of the liquid crystal display 
device in a thickness direction thereof and (ii) have a phase 
difference setto 300 to 500 nm, inacase where the retardation 
“And of the liquid crystal display device is 300 to 400 nm 
wherein An is a double index and d is a thickness of the liquid 
crystal layer. 

11. The projection display apparatus according to claim 6. 
comprising an aperture member is positioned at one or more 
positions selected from a first position in the illuminating 
optical system and a second position in the projection lens and 
formed to have an aperture through which the light generated 
by at least one of the illuminating optical system and the 
projection lens passes so as to narrow a range of the light in a 
diagonal direction of the aperture; and a phase compensator 
disposed between the reflective liquid crystal display device 
and the polarizing beam splitter. 

12. The projection display apparatus according to claim 6. 
wherein the polarizing beam splitter is a polarizing beam 
slitter with a wire grid. 

13. The projection display apparatus according to claim 6. 
wherein the liquid crystal layer has a thickness of 3.5 um or 
less in a mutually opposed direction of the first and second 
Substrates and molecules having a pre-tilt angle selected from 
a range of 75 to 85 degrees, the pre-tilt angle being given as an 
angle made between each molecule and the Surfaces of the 
first and second Substrates. 

14. The projection display apparatus according to claim 6. 
wherein the liquid crystal layer has a thickness of 2.6 um or 
less in a mutually opposed direction of the first and second 
Substrates and molecules having a pre-tilt angle selected from 
a range of 75 to 87 degrees, the pre-tilt angle being given as an 
angle made between each molecule and the Surfaces of the 
first and second Substrates. 

15. The projection display apparatus according to claim 6. 
wherein the liquid crystal layer has a thickness of 2 um or less 
in a mutually opposed direction of the first and second Sub 
strates and molecules having a pre-tilt angle selected from a 
range of 75 to 88 degrees, the pre-tilt angle being given as an 
angle made between each molecule and the Surfaces of the 
first and second Substrates. 

c c c c c 


